We investigate the relationship between intramolecular rotational dynamics and molecular and crystal structure in 4,4'-dimethoxyoctafluorobiphenyl. The techniques are electronic structure calculations, X-ray diffractometry, and 1 H and 19 F solid state nuclear magnetic resonance relaxation. We compute and measure barriers for coupled methyl group rotation and methoxy group libration. We compare the structure and the structure-motion relationship in 4,4'-dimethoxyoctafluorobiphenyl with the structure and the structure-motion relationship in related compounds in order to observe trends concerning the competition between intramolecular and intermolecular interactions. The 1 H spin-lattice relaxation is nonexponential in both the hightemperature short-correlation time limit and in the low-temperature long-correlation time limit, albeit for different reasons. The 19 F spin-lattice relaxation is nonexponential at low temperatures and it is exponential at high temperatures.
Introduction
The relationship between structure and dynamics in molecular solids is an ongoing challenge in condensed matter science. Here, we investigate the relationship between intramolecular (rotational) dynamics and molecular and crystal structure in a relatively simple organic solid and model the dynamics in a detailed manner. The compound under investigation, 4,4'-dimethoxyoctafluorobiphenyl (1) , is, to our knowledge, of no particular interest in and of itself but hopefully, with slow and steady progress, one will be able to perform detailed models like those presented here in more complex and more important systems in the not-too-distant future. In order to arrive at generalities (i.e., for a class of compounds rather than just individual compounds), in the Summary and Conclusions section of this paper we compare the study using 1 presented here with similar studies we have undertaken with 4,4'-dimethoxybiphenyl (2) 1,2 and with 3-fluoromethylphenanthrene (3). 3, 4 We present this summary with as little jargon as possible and we have attempted to make the presentation in the Summary and Conclusions self-contained. Indeed, the reader not concerned with the details is invited to proceed to that section after reading this Introduction.
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The crystal structure of these compounds is determined by X-ray diffraction, 5 as is the ground state molecular structure in the crystalline environment. The structure of an isolated molecule is determined by density functional theory electronic structure calculations. The energies of ground states and transition states for the various rotations (methyl, methoxy, and methoxyphenyl) are calculated. The energy differences between the ground and transition states are the barriers for the rotations. These calculations are done for the isolated molecule and for a central molecule in a suitable cluster of molecules based on the X-ray crystal structure. As such, rotational barriers can be calculated for both the rotations in the isolated molecule and for a molecule in the crystalline environment and the differences in these barriers can provide insight into the relative role played by intramolecular and intermolecular interactions. The calculations in the clusters presumably involve accounting for many van der Waals interactions. Finally, we use solid state 1 H and 19 F nuclear magnetic resonance (NMR) spin-lattice relaxation experiments 6 to measure activation energies involved with the motions that occur in the crystalline environment.
The NMR activation energies are then compared with the electronic structure barrier calculations in the clusters and models for the dynamics are generated.
The NMR relaxation in 1 is complicated. 1 3, 9 At middle temperatures, both phenomena are occurring. Both these phenomena have been observed, but not, to our knowledge, in the same compound. The 19 F spin-lattice relaxation is also nonexponential at low temperatures (for the same reason the 1 H spin-lattice relaxation is nonexponential) but it is exponential at high temperatures.
We are able to fit the temperature dependence of the 1 H and 19 F relaxation data in a detailed manner with only three adjustable parameters, one of which is an activation energy for methyl group rotation (occurring on the NMR time scale; approximately 10 11 s at 280 K to 10 7 s at 110 K). The other two parameters that come from fitting the NMR relaxation rate data provide a good test of the Bloch-Redfield-Wangsness model of spin-lattice relaxation [10] [11] [12] (which is summarized very clearly by Kimmich 6 ) with appropriate modifications 3, [7] [8] [9] for the two kinds of nonexponential relaxation.
We learn from the electronic structure calculations that methyl group rotation is coupled with the much faster methoxy group libration. We use the term "methyl group rotation" to refer to a rotation from the ground state to a transition state and then back (either in the same rotational sense or in the opposite sense) to the ground state. That is to say, it "rotates over a barrier." We use the term "methoxy group libration" to mean the group rotates from its ground state, part way to its transition state, and then back again. This is a rapid motion occurring on a typical vibration-libration timescale; say within a few orders of magnitude of 10 -14 s (which corresponds to a mode of approximately 1000 cm 1 ). 13 Various comparisons offer insight into both the intramolecular and the intermolecular interactions involved in these kinds of organic molecular solids as well as insight into the kinds of motions occurring. In 1, the eight F atoms are on the two rings and the only H atoms are in methyl groups. In 2, the ring F atoms are replaced with H atoms. We investigate the difference in the structure of the two isolated molecules as a consequence of the larger F atoms in 1. In the solid state, phenyl-phenyl rotation over the barrier in both 1 and 2 is completely quenched but there is coupled methyl group rotation and methoxy group libration in both. The methyl H -ring F interactions (electronic and steric) in 1 are more severe than the methyl H -ring H interactions in 2 and this correlates well with the degree of methoxy group libration (as the methyl group rotates over the barrier). Finally, the NMR activation energy for this coordinated motion is in excellent agreement with the barriers calculated using electronic structure calculations even though NMR activation energies and barriers calculated by electronic structure calculations are not the same parameter. 14, 15 This tends to provide support for both the solid state relaxation NMR and the electronic structure calculation techniques. Determining these low barriers (10 -20 kJ mol 1 ) in van der Waals solids using electronic structure calculations is challenging.
Above approximately 80 K in most solids, modeling methyl group rotation as a random hopping of the triangle of H atoms is an excellent model for the interpretation of NMR relaxation data. [16] [17] [18] [19] [20] [21] [22] [23] [24] This is the model of methyl group rotation used here. Below approximately 80 K in most solids, methyl group rotation is better described by quantum mechanical tunneling. The transition from the low-temperature quantum mechanical tunneling regime to the high-temperature semiclassical hopping regime is well understood. [16] [17] [18] 20, 23, 25 Experimental Methods X-ray Crystallography. The sample of compound 1, 4,4'-dimethoxyoctafluorobiphenyl, (99%, mp 85-88 O C) was purchased from Acros. The crystal structure was determined by X-ray crystallography 5 at both 100 and 200 K. At 100(2) K, a single colorless block (0.44 X 0.28 X 0.26 mm) was mounted, using Paratone ® oil, onto a glass fiber and cooled to the data collection temperature. Data were collected on a Brüker-AXS Kappa APEX II CCD diffractometer with 1.54178 Å Cu-K radiation. Unit cell parameters were obtained from 90 data frames, 0. Tmax/Tmin = 1.28. All non-hydrogen atoms were refined with anisotropic displacement parameters.
All hydrogen atoms were treated as idealized contributions. The structure of the molecule in the solid state is shown in Figure 1 (a) (which also shows the carbon numbering) and the crystal structure is shown in Figures 1(b and c) . The differences in structure between 100 K and 200 K are not visible at the resolution of Figure 1 .
Electronic Structure Calculations in the Isolated Molecule. All electronic structure calculations were carried out with the Gaussian 03 package of programs. 26 Similar computational schemes have been used to study the internal rotation motions of 2 2 and 3. 4 An isolated molecule of 1 was taken from the X-ray crystallographic structure. To obtain the ground state, a full geometry optimization was performed at the B3LYP/6-311+G(d,p) level to reach the local energy minimum. [27] [28] [29] [30] [31] [32] There are three kinds of internal rotational degrees of freedom in the molecule:
phenyl-phenyl rotation around the C1C1' bond, methoxy group rotation around the OC4 bond, and methyl group rotation around the CmO bond. Here, the letter "m" refers to the methyl carbon atom. Carbon numbering is indicated in Figure 1 . Dihedral angles (C6C1C1'C2'), (CmOC4C5), and (HCmOC4) are used as the rotational coordinates of the whole 4-methoxytetrafluorophenyl group, the 4-methoxy group, and the methyl group, respectively. shortening can be as large as 0.03 Å for CH bond lengths in methyl groups as determined by neutron diffraction measurements at room temperature (due to thermal vibrations). 35 Determining H atom positions accurately is important because the HH distances in a methyl group r enter into the calculation of an important NMR parameter as r 6 . This is discussed below.
Potential energy surfaces were calculated for the internal rotations on the central molecule of the cluster. Prior experience shows that the cluster is large enough that all neighboring molecules with significant intermolecular interactions with the central molecule have been included and adding more neighboring molecules would not significantly change the calculated barriers. 4, 33, 36 Due to the high computational cost, the basis set superposition error, which has been shown not to be significant for the calculation of rotational barriers, 4 was not corrected. 19 F magnetization recovery curves were measured using an inversion-recovery pulse sequence. It is convenient to define three temperature regions: a hightemperature region I, 154 < T < 286 K (3.5 < 10 3 /T < 6.5 K 1 ), a middle temperature region II, 133 < T < 154 K (6.5 < 10 3 /T < 7.5 K 1 ), and a low-temperature region III, 114 < T < 133 K (7.5 < 10 3 /T < 8.8 K 1 ). show a fit to a single exponential for comparison. Figure 3 (d) shows a single exponential fit to the initial part of the nonexponential recovery curve in the high temperature region I, in which case the rate is  1 . We expand on the procedure used to determine this initial rate elsewhere.
1 Figure 4 shows the temperature dependence of these relaxation rates and is discussed more fully in the next also shows the failed attempts to fit the 1 H magnetization decays to a double exponential in the middle temperature region II.)
The NMR Relaxation Model and the NMR Parameters
The 4,4'-dimethoxyoctafluorobiphenyl molecule 1 has two identical halves; each with four ring F atoms and three H atoms in a methyl group. An analysis (in the NMR Relaxation Results section below) of the parameters determined by fitting the NMR relaxation rates in 1 shows that the principle motion causing the 1 H spin-lattice relaxation is methyl group rotation. On the NMR timescale, the F and H atom vibrations and the methoxy group libration are too fast to cause nuclear spin relaxation. The methyl group, on the other hand, reorients with a temperaturedependent mean hopping frequency in resonance with the NMR frequency in the temperature range studied. Indeed, the ability to isolate a single motion in this fashion renders nuclear magnetic resonance relaxation studies potentially very powerful. We first briefly review the basic BlochWangsness-Redfield model for nuclear spin-lattice relaxation [10] [11] [12] 
where w H /2 is the 1 H NMR frequency. The spectral density for random motion described by
Poisson statistics in eq 1 is
and the mean time between methyl group hops is [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 
where ENMR is the "NMR activation energy." It is convenient to scale the infinite temperature mean time between hops t ¥ (which is an experimental fitting parameter) by a very simple harmonic model 
where I is the moment of inertia of the methyl group. A fitted value of t ¥ that subsequently results in a value of t ¥ / ˜ t ¥ several orders of magnitude from unity would suggest the motion is not methyl group rotation.
The NMR relaxation parameter C in equation 1 is a measure of all the 1 H -1 H spin -spin dipolar interactions, both intramolecular (i.e. intramethyl) and intermolecular (i.e., intermethyl), being modulated by methyl group rotation. It involves a sum over all pairwise interactions. It is both the changing lengths and the changing directions of the spin-spin vectors that cause the spinlattice relaxation. The distances between the three H atoms r HH in a methyl group are time independent and are known to high precision from the electronic structure calculations as discussed previously in this paper. This intramethyl contribution to C resulting from the 120 O changes in direction of the intramethyl H -H vectors as the methyl group hops is labeled ˜ C and is given by .
The parameter g H is the 1 H magnetogyric ratio and m o is the magnetic constant. ˜ C can be calculated explicitly and C/ ˜ C is often taken as a fitting parameter, though in this study we will set C = ˜ C as discussed later in this section.
Both the 1 H and 19 F relaxation in the low-temperature region (region III in Figure 4 ) is nonexponential because the two spin species interact with one another via the unlike spin dipoledipole interaction. We have provided a brief review of the literature related to this phenomenon. 
Eq 6 is constructed so the first term corresponds to the relaxation rates that would be observed if 
for k = H, F. The factor 2 is solely for convenience for the case of a perturbation using a p-pulse.
The normalized magnetizations f k1 and f k 2 depend on the initial conditions (i.e., on M k (0)) but the observed relaxation rates  1 and  2 do not. The rates  1 and  2 , are obtained by diagonalizing the relaxation matrix in eq 6 and are 
, the amplitudes of the observed normalized magnetization in eq 7 are
Experimental values of The fractional magnetizations in eq 9 each approach 0.5 at low temperature. As temperature is increased one of these approaches 1 and the other approaches 0 as observed ( Figure   5 ). Thus, even though the relaxation is inherently nonexponential at higher temperatures (regions I and II), one magnetization disappears and only the other one is observed. As such, discounting other phenomenon (discussed below), the observed relaxation is exponential at higher 3 The two maxima in Figure 4 are predicted by this model. This methyl group plane libration is too fast to mask the effects being discussed here.) Second, the motion of the three spin-spin vectors are 100% correlated. Runnels 7 and Hilt and Hubbard 8 dealt with these complications in great detail and the results are discussed elsewhere. 1 For a polycrystalline sample, the magnetization recovery after a perturbation cannot be modeled in a simple closed form. 8 We show in Figure 3 that not even a double exponential will fit the data. In this case, however, the single unique relaxation rate  1 , related to the basic Bloch-Redfield- Table 1 . The root mean square deviation between the two sets of bond lengths (100 and 200 K) is 0.003 Å, meaning that to within the experimental uncertainties in bond lengths the two structures are identical. The differences in the various angles are also negligible. Whereas there is no difference in the molecular structures at the two temperatures, the volume of the unit cell is 2.2 ± 0.2 % larger at 200 K than it is at 100 K.
This corresponds to an average volume coefficient of thermal expansion of (2.2 ± 0.2) x 10 4 K
1
or, what is more relevant for the calculations performed here, an average linear coefficient of thermal expansion of (7.4 ± 0.8) x 10 5 K 1 . This thermal expansion is small enough that the changes in the intermolecular van der Waals interactions over the temperature range studied will be very small. These interactions are important for the electronic structure calculations.
Electronic Structure Calculations in the Isolated Molecule. The isolated molecule structure of 1 is similar to the structure of the molecule in the crystal as determined by X-ray diffraction. In Table 1 , we show the comparison of the major structural parameters between the calculated values for the isolated molecule and the X-ray values for the molecule in the crystal. and both spin species relax with both  1 and 2 as indicated in Figure 4 . There are three adjustable parameters; ENMR,  ∞ / ˜ t ∞ , and q. The double lines in region III of Figure 4 are a consequence of the fact that the experiments for the two spin species were performed at the same NMR frequency, not the same magnetic field. 3 First, ENMR = 16.5 ± 1.7 kJ mol 1 in eq 3 is the NMR activation energy for methyl group rotation. Although all three parameters are obtained from a global fit, conceptually, one can think of ENMR as being determined by the slope of ln 1 and ln 2 versus T
at both high and low temperatures. Second,  ∞ is the preexponential factor in the Arrhenius relation eq 3. One can think of changing  ∞ as moving relaxation curves in Figure 4 left and right (i.e., to higher and lower inverse temperature). The global fit gives  ∞ / ˜ t ∞ = 0.3 ± 0.2. The third parameter is the single parameter q that characterizes the 1 H -19 F cross-relaxation 3 and the fit shown in Figure 4 gives q = 0.020 ± 0.005. With the other parameters held constant, q is related to the difference  1   2 . If q = 0, all cross couplings would be zero, the 1 H relaxation would be exponential at low temperatures and the 19 F relaxation rate would be zero at all temperatures (i.e., no relaxation) since the F atoms are not moving on the NMR timescale. So, q is small but it cannot be taken to be zero as an approximation.
Summary and Conclusions
We present a summary and a series of conclusions arrived at by comparing (a) X-ray diffraction experiments, (b) density functional theory electronic structure calculations in both isolated molecules and in molecules in the crystalline environment, and (c) NMR 1 H and 19 F spinlattice relaxation experiments in 4,4'-dimethoxyoctafluorobiphenyl (1) (presented here), 4,4'-dimethoxybiphenyl (2) (presented elsewhere 1,2 ), and 3-fluoromethylphenanthrene (3) (also presented elsewhere 3, 4 ). We investigate and compare the differences in the ground state structures of 1 and 2 both in the isolated molecule and in the crystal. The structure of a molecule of 3 (which has no internal rotation axes other than that of the fluoromethyl group) is essentially the same in both the isolated molecule and in the crystal. Compound 1 has two OCH 3 groups and eight ring F atoms. Compound 2 has two OCH 3 groups and eight ring H atoms. But for H atoms, the positions are difficult to measure accurately by X-ray crystallography. Using these calculated H positions is important in calculating the barriers for the various motions. But using the calculated H and F positions in methyl and fluoromethyl groups is also very important in interpreting the NMR relaxation rate.
(13) The fitted or calculated NMR relaxation parameters are consistent with the model that says CH 3 or CF 3 rotation (over a barrier) is responsible for the spin-lattice relaxation. However, the electronic structure calculations indicate that this CH 3 rotation is superimposed on methoxy group libration in 1 and 2. The model for the NMR relaxation considers a random timeindependent orientation of methyl group rotation axes 41 which is the case in a polycrystalline solid.
The rapid methoxy group libration has no effect on the fitted NMR relaxation parameters and simply adds a rapid random time-dependence to the spatial randomness of the methyl group rotation axes in the polycrystalline sample. This is not to say that NMR relaxation experiments are not sensitive to superimposed motions. For example, these kinds of experiments can detect (and model) the superposition of methyl group and t-butyl group rotation. 42, 43 But both these motions are on the NMR time scale. For 1 and 2, the librational motion of the methoxy groups is much too fast to effectively modulate the spin-spin interactions. As such, a time average is indistinguishable (and only adds to) the spatial average due to the polycrystalline nature of the sample. 
